Most national malaria control programmes rely extensively on pyrethroid insecticides to control mosquito vectors of this disease. Unfortunately, the intensive use of this class of insecticides both in public health and agriculture has led to its reduced efficacy. The objective of this review was to assess the role of agricultural pesticides use on the development of resistance to insecticides in malaria vectors and the potential impact of this resistance on control activities. We searched library catalogues and public databases for studies that included data on resistance to the major classes of insecticides: organochlorines, carbamates, organophosphates and pyrethroids, in the malaria vectors of Anopheles genera. There is a strong geographical bias in published studies many originating from West African countries. Several studies demonstrate that resistance to pyrethroids is widespread in the major malaria vectors of the Anopheles gambiae and Anopheles funestus complexes. Assessing the impact of insecticide resistance on vector control is complicated owing to the lack of studies into the epidemiological consequences of resistance on the control of malaria and other vector borne diseases.
Introduction
Malaria remains one of the most critical public health challenges for Africa despite intense national and international efforts [1] . The main methods to control malaria mosquitoes (Anopheles gambiae and Anopheles funestus species complexes) are still insecticide based, such as Indoor Residual Spray (IRS) and Insecticide Treated Nets (ITNs), and both methods require that vectors are susceptible to the insecticide in use [2] . Different classes of insecticides have been successively used since 1950s, but most current control programmes are largely dependent on synthetic pyrethroids, the only class of insecticide that has been approved by WHO to be used for both ITNs and IRS [3] [4] . This is due to their relatively low mammalian toxicity and rapid knockdown effect that cause paralysis of an insect. Pyrethroids are also used in agriculture to control crop pests and this intensive use has led to reports of reduced efficacy [5] [6] .
Resistance to pyrethroids by malaria vectors is continuously being reported from different parts of Africa, and this has been associated to selection pressure resulting from the scaling up of ITNs and IRS [5] [7] and partly due to application of agricultural pesticides when they contaminate mosquito breeding habitats [6] [8] [9] . Agricultural environments can especially when irrigated create mosquito breeding habitats thereby increasing vector density. The risk for development of resistance against insecticides in disease vectors due to pesticide exposure has been also raised by other scholars [2] [10] [11] , but the specific interrelationship between agricultural practices and vector resistance remains weak. In addition, reliable information on vector resistance patterns to insecticides is scanty because of the lack of systematic extensive studies on resistance.
Various pesticides and/or insecticides are sprayed for the control of both crop and livestock pests as well as for control of disease vectors, either singly, mixed or in combination. Therefore, pesticide and/or insecticide resistance is an overlapping issue between fields of agriculture, veterinary medicine and public health. Strange as it may seem, intensive efforts to control both disease vectors and pests on crops and livestock using insecticides have in a number of cases been addressed independently in each of these separate fields.
The objective of this review was to assess the role that agricultural use of pesticides on the development of resistance in malaria vectors. The current distribution patterns of resistance alleles and the impact of resistance on malaria control activities were also scrutinized. For the purpose of the review we have included reports, journal articles, books, book chapters and theses on resistance to all four major classes of chemical insecticides (carbamates, organochlorines, organophosphates and pyrethroids) but the discussion focuses primarily on insecticides that are used for both agriculture and public health, mainly the pyrethroids and dichlorodiphenyltrichloroethane (DDT). The knowledge gap in the field of vector resistance to insecticides is also highlighted.
Search Strategy and Selection Criteria
We searched Library catalogues and electronic databases such as PubMed, Google Scholar and the research for life databases (HINARI, OARE, AGORA and ARDi) using the key words "Malaria vectors, Anopheles gambiae complex or Anopheles funestus complex" and one of the following terms: "insecticide resistance", "DDT", "pyrethroids", IRS, ITNs, "resistance patterns", "resistance mechanisms" or "agricultural pesticides". The search was limited by restricting retrieval to the two insecticide classes that are widely used for control of both disease vectors and crop pests, mainly: organochlorines (DDT) and pyrethroids. Articles that report biochemical and molecular tools for resistance monitoring were also retrieved. Publications from all years but only those in English language were considered. The titles for each citation were screened and 242 articles were selected for review of their abstracts. All abstracts were read and yielded 76 publications for full review; the inclusion criteria considered all manuscripts and publications that report on insecticide resistance in malaria vectors, causes and mechanisms of resistance, vector resistance and the epidemiology of malaria, integrated vector control, resistance patterns and the impact of agrochemical use in the selection for resistance in malaria vectors. After reviewing the full texts, only 52 studies fully met the inclusion criteria.
Agricultural Pesticides Use and Vector Selection for Resistance to Insecticides
The preferential breeding habitats of malaria vectors are within and around agricultural areas. Vanek et al. [12] in a study for surveillance of malaria vector larva habitats in Dar es Salaam Tanzania, found out that habitats that were associated with agriculture such as marshes and furrows were more receptive for Anopheles larvae than non-agricultural habitats. Similarly, Muriu et al. [13] considered irrigated rice agro-ecosystems as important "hotspots" for mosquito-borne diseases because they provide breeding habitats to the numerous mosquito species.
The implications of agricultural breeding sites in the selection of resistance in the major malaria vectors are evident. In these areas, agricultural pesticides exert selective pressure on mosquito vectors by leaching into their breeding habitats during rainfalls or due to accidental spillage. In Benin, Yadouleton and his research team [6] during their investigation, they observed that many pesticides that were used by vegetable farmers were not registered for pest control. In addition, this study [ibid] showed that pyrethroid insecticides used in vegetable farms were similar to those used in public health against malaria vectors. The uncontrolled use of pesticides/insecticides has led to selection for resistance in malaria vectors breeding in vegetable farms. Furthermore, in Thailand, Overgaard [2] observed that many disease vectors were breeding in agricultural areas of intensive pesticide use. The same author further argues that these vectors were constantly exposed to suboptimal lethal concentration of chemicals that lead to the development of adaptive traits such as mutant genes that reduce the mosquito's susceptibility to insecticides. These findings are corroborated by the observations made by Ranson [14] and Matowo [15] , in their respective research teams, they associated elevated levels of pyrethroid resistance that was observed with the massive use of pesticides used to control crop pests. In particular, Ranson's team associated the increased rate of pyrethroid resistance and knock down resistance (kdr) mutation frequency with the massive use of DDT and pyrethroids in cotton growing farms in Burkina Faso, Chad and Sudan, whereas, Matowo et al. [15] attributed the high metabolic permethrin (pyrethroid compound) resistance of An. arabiensis with the massive use of insecticides in rice, coffee and sugarcane farms for control of herbs (rice) and pests in North East Tanzania agro ecosystem zone. A study by Yadouleton et al. [16] to investigate the impact of agricultural practices on the larval population of An. gambiae in the cotton farms in Northern Benin revealed high resistance levels to DDT and permethrin. Experiences from Burkina Faso Diabate et al. [17] show that agricultural use of pesticides was involved in the selection for resistance in the mosquito populations of An. gambiae s.l., the main malaria vector that were found breeding in cotton and rice fields. This study involved four localities with different patterns of pesticide use; An. gambiae s.l. was resistant to DDT and pyrethroids (permethrin and deltamethrin) in areas of intensive pesticide use but susceptible in areas of low or no pesticide use suggesting pre-exposure of immature mosquitoes to pesticides that led to selection for resistance. Moreover, Akogbeto [9] and his research team investigated the impact of pesticide contamination on the hatching and growth rate of mosquito larvae of An. gambiae complex, samples collected from vegetable farms, in Benin. Poor hatching and retarded growth were observed in the test samples from areas of intensive pesticide use compared to the control sample that were collected from areas free of pesticide use. The findings were associated with pesticide residues that were found in the soil thought to have contaminated the mosquito breeding habitats, although the pesticide residue compounds were not identified due to the lack of analytical equipment. In central, northern and south west Ethiopia, Balkew et al. [10] conducted a study in an area where pyrethroids have been in use for the control of both livestock and crop pests. In that area, permethrin-pyrethroid compound was used for control of tsetse flies as well as impregnation of nets (ITNs). Anopheles arabiensis is an important malaria vector in this area and the susceptibility results revealed resistance conferring alleles against DDT, permethrin and deltamethrin. This was further linked to intensive application of insecticide against crops and livestock pests as well as for the control of disease vectors in the same locality. Several authors [2] [5] [8] - [11] [14]- [17] pointed out that the past and current agricultural use of DDT then pyrethroids for crop protection to have led to the selection of resistant mosquitoes through insecticide residues accumulated in breeding sites around agricultural areas.
Insecticide resistance triggers a chain reaction which through deteriorated efficacy leads to vector control failure and disease control failure may be expected. Vector control in the field of public health and its complex implications underline the necessity for collaboration between all parties involved. Although efforts to establish integrated vector management (IVM) are increasing [18] - [20] , control and eradication campaigns still depend largely on insecticides, and can therefore be jeopardized by resistance. It is therefore imperative to conduct studies that will restore the efficacy and longevity of insecticides for sustainable management of disease vectors. Effective control of malaria and other vector borne diseases is not a sole preserve of the health sector but requires collaboration with various other sectors. This review seeks to provide orientation to policy makers within agriculture, livestock and health sectors on the development and application of a range of vector control interventions, in combination and synergistically for sustainable management of disease vectors.
Resistance Mechanisms
The two broad mechanisms by which insect pests and vectors develop resistance against insecticides have been widely reported [15] [21]- [23] . Specifically, Hemingway et al. [21] point out that, resistance can either involve mutations that blocks the action of the insecticide target site (target site resistance) or insects may produce increased quantities of enzymes, which either metabolize the insecticide or sequestrate the molecules so they can-not function (metabolic based resistance). The common mechanism of resistance is the knock down resistance (kdr) that confers resistance to Pyrethroid and DDT through the point mutation in the voltage-gated sodium channel gene. It reduces target site sensitivity resulting to prolonged opening of individual channels that leads to paralysis and death of an insect [24] . This is phenotypic resistance conferred by a single point mutation at position 1014 in the domain II segment 6 of voltage gated sodium channel (VGSC) in An. gambiae species. In East Africa, kdr mutations results from the substitution of leucine to serine (TTA to TCA) at the same codon 1014S [25] whereas, in West Africa, the substitution results in a change from leucine to phenylalanine (TTA to TTT) [26] . In 2009, Singh and others detected a kdr-like mutation L1014F from the Indian malaria vector An. culicifacies from Surat district of Gujarat, India. The species was found to resist both pyrethroids and DDT. Furthermore, Singh et al. [22] reported for the first time the presence of two alternative point mutations present in the VGSC of An. culicifacies population from Malkangiri district of Orissa, India. The team identified the presence of three other non-synonymous point mutations in An. culicifacies, two at position 1010 (G-to-T or -C), each one leading to Val-to-Leu substitution, and one T-to-C transition at position 1014 leading to Leu-to-Ser substitution. The reported mutations L1014F and L1014S are respectively homologous to kdr-w and kdr-e mutations found in An. gambiae.
Although several studies [23] - [26] reported kdr as the main mechanisms of resistance associated with DDT and pyrethroids, Nkya et al. [27] observed metabolic and cuticle resistance as the main mechanisms of resistance in malaria vector specimens that were collected from agricultural areas. In addition, the team [ibid] found out that An. arabiensis populations that were sampled from agricultural area showed higher resistance levels to deltamethrin but at the same time there was no kdr allelles detected, this suggests that other pesticide induced resistance mechanisms are predominant and recommended further investigation. Insecticide resistance may also occur by other physiological mechanisms such as metabolic detoxification through increased enzyme activities (monooxygenases, esterases, or glutathione transferase [28] . In China, Zhong et al. [29] reported the mechanistic resistance of deltamethrin that was significantly associated with both knockdown resistance mutations and monooxygenase activity in An. sinensis, the most important malaria vector in Southeast Asia. Although the same class of insecticide, the pyrethroid is used for the control of malaria and other disease vectors worldwide [30] , but studies show that different mechanisms of resistance could evolve differently in vector populations across different environmental setups. It is therefore imperative to investigate the pesticide-induced mechanisms of resistance in the agro ecosystem zones from other parts of the world. Understanding the mechanisms of insecticide resistance is crucial for establishment of reliable resistance diagnosis methods for effective and sustainable management of resistance in disease vectors.
Resistance Patterns
The long term intensive use of pesticide and/or insecticides is often cited as the main cause for the development of resistance in disease vectors, unfortunately information on resistance patterns to insecticides is scanty. Globally, mosquito resistance to at least one insecticide used for malaria control has been identified in 64 countries [1] . The distribution of the published information on the susceptibility level of malaria vectors reflects the burden of the disease, with the majority of the reports originating from West Africa [6] [9] [17] [31]- [33] . In Tanzania, there is a strong bias of the published reports on insecticide resistance with nearly all originating from Northern Tanzania [15] [34] [35] . This calls for investigations of the same in other parts of the country and other malarious countries if we have to attain a common goal of reducing vector density thereby decreasing malaria infectiousness.
Insecticide resistance alleles in the populations of disease vectors have been shown to vary over relatively small geographical areas. The major foci of pyrethroid resistance in Africa are found in the western and central parts, especially in cotton growing areas where pyrethroids have been applied intensively against cotton pests [36] . Although, the most widespread knock down resistance mutation in An. gambiae s.s. and An. arabiensis in east African populations is a substitution of a leucine by a serine in position 1014 (L1014S), Mahande et al. [34] , observed that kdr mutation resulted from a substitution of a leucine by a phenylalanine in position 1014 of the sodium channel domain II segment 6 gene (L1014P), which is the west African mutation. Both mutations have also been reported to co-exist in the neighbouring countries of continental Equatorial Guinea (Gabon and Cameroon) [37] and in Uganda [38] . The western kdr was also detected in Kenya [39] and also in Tanzania [35] . However, reports from other countries with systematic national resistance monitoring activities are not readily accessible via searches of public databases. Reviewing the available scanty literature revealed that resistance patterns are strongly determined by the ecological conditions that favour different species of a particular disease vector, as well as season. Diabate et al. [17] in their study on the role of agricultural use of insecticides in resistance to pyrethroids in Anopheles gambiae s.l. in Burkina Faso recorded high resistance levels during the rainy season that coincided with the pesticide application time. They also recorded high resistance levels in the village on the outskirt of rice fields despite the fact that pesticides were not applied in rice fields; this was further attributed to mosquito migration from areas of intensive pesticide use. The influence of agricultural pesticide on the vector resistance pattern is poorly understood and therefore studies in this field are vital to contribute the existing body of knowledge.
Vector Resistance to Insecticides and the Epidemiology of Vector Borne Diseases
Vector control using IRS and long-lasting insecticide-treated nets (LLINs) have been shown to reduce malaria transmission when properly deployed [40] . However, several scholars have considered vector resistance to insecticides to undermine efforts to control malaria and other vector-transmitted diseases [20] [41]- [44] . The impact of vector resistance on the ability of malaria control intervention to reduce disease transmission is poorly understood. Despite the fact that insecticides have shown reduced efficacy in controlling disease vectors, there are only few operational reports comparing the impact of insecticide resistance directly on epidemiological outcomes of malaria and other vector bone diseases owing to the number of confounding factors. Most studies have been undertaken within the laboratory settings or in experimental huts, and use entomological outcomes to assess the effect of insecticide resistance on mosquito biting rates, blood feeding rates, or insect mortality, this information is not sufficiently robust to assess the effect of vector resistance in disease transmission. Some studies show that insecticide resistance is likely to result in increasing vectorial capacity of the insect [45] - [47] , hence increasing infectiousness. In some instances, however, insecticide resistance has been reported to cause the opposite effect, decreasing the insect's vectorial capacity [48] [49] which may lead to a dramatic decrease in the transmission of the disease. Specifically, Kumar et al. [45] investigated the impact of insecticide resistance on the capacity of the malaria vector An. gambiae to host malaria parasites, they reported the existence of elevated levels of reactive oxygen that assisted the parasite to undergo melanotic encapsulation, which thus increased its survival and vectorial competencies. These findings are in tandem with the observations by Vontas et al. [50] when investigating the same, they revealed that there were damaged tissues in the body of the resistant insect that improved pathogen survival thereby increasing infectiousness. Furthermore, Vontas et al. [47] [51] in their study on comparison of superoxide dismutase activity, which is a major antioxidant enzyme, between the Anopheles stephensi strains confirmed the presence of enhanced antioxidant defense in the resistant strain and it was assumed to support vector survival thereby increasing infectiousness.
The study on the impact of pyrethroid resistance on operational malaria control in Malawi [40] revealed that the impact of vector resistance had not triggered a major increase in malaria parasite prevalence in Malawian children. Although studies to investigate if resistance decreases the capacity of vectors to transmit malaria parasites are lacking, few studies exist on other vector borne diseases. McCarroll and his research team [49] , investigated the effect of resistance on Culex quinquefasciatus, mosquito vectors that transmit Wuchereria bancrofti, a parasitic worm that causes Lymphatic filariasis in humans. The team found out that insecticide-resistant Cu. quinquefasciatus mosquitoes were less likely to transmit filariasis than their insecticide-susceptible counterparts. It was further revealed that the enzymes responsible for causing resistance in this species were expressed at elevated levels in the mosquito gut, subcuticular layers, malphigian tubules and salivary gland that are important organs for the development of the parasite as well. Therefore due to resource constraint, many resources that could support the growth of the parasite were instead redirected to the development of adaptive traits against the action of insecticides, thereby decreasing vectorial capacity of the insect hence decreased infectiousness. These findings corroborate the observation made by Hemingway [52] who investigated the same species and found changes in the redox potential in the cells of the resistant vectors compared to their susceptible counterparts, and therefore more resources are redirected to evolutionary fitness costs thereby affecting the insect's vectorial capacity. The impact of resistance on the ability of the vector to transmit malaria is underexplored due to the scanty published literature available. There is a need for additional attention to investigate on evolution and development of resistance to insecticides by disease vectors and consequently the epidemiological impacts of malaria and other vector-borne diseases.
Conclusion
The literature reviewed has shown that poor management of pesticides and/or insecticides in livestock, agriculture and public health have contributed to the development of resistance in disease vectors, and malaria vectors in particular. In addition, the literature reveals that vector control programs are exceptionally dependent on the use of residual insecticides but opportunities for collaboration between sectors and for adoption of other vector control strategies apart from insecticides are seldom implemented. Studies on the pesticide-induced mechanisms of resistance in disease vectors are scarce and the impact of resistance on the transmission of malaria and other vector borne diseases is overlooked. Furthermore, the information on the impact of agricultural environment in modulating the selection and spread of insecticide resistance mechanisms in malaria vectors is also lacking. The challenge to find effective strategies to control vector resistance to insecticides, restoring insecticide efficacy and longevity remains a priority in all malarious countries where pyrethroid resistance has been reported with evidences. One option could be the use of pyrethroids exclusively for public health and promotion of other classes of insecticide for agricultural pest control. Further studies on the relationship between agricultural use of pesticides and the development of resistance to insecticides in malaria and other disease vectors and the potential impact of this resistance on disease control activities are recommended.
